The Plasma Physics and Plasma Technology Group of the Chilean Nuclear Energy Commission (CCHEN) has, since about ten years ago, used plasma production devices to study dense hot plasmas, particularly Z-pinches and plasma foci (PFs). In the case of Z-pinches, the studies include studies on the dynamics and stability of gas-embedded Z-pinches at currents of thermonuclear interest, and preliminary studies on wire arrays. For PF research, the aim of the work has been to characterize the physics of these plasmas and also to carry out the design and construction of smaller devices-in terms of both input energy and size-capable of providing dense hot plasmas. In addition, taking advantage of the experience in pulsed power technology obtained from experimental researches in dense transient plasmas, an exploratory line of pulsed power applications is being developed. In this paper, a brief review listing the most important results achieved by the Plasma Physics and Plasma Technology Group of the CCHEN is presented, including the scaling studies, PF miniaturization and diagnostics and research on Z-pinches at currents of thermonuclear interest. Then, exploratory applications of pulsed power are presented, including nanoflashes of radiation for radiography and substances detection, high pulsed magnetic fields generation and rock fragmentation.
Introduction
Dense plasmas can be produced by means of transient electrical discharges. In particular, a pinch is a transient 7 Invited speaker, 12th Latin American Workshop on Plasma Physics (2007).
plasma column conducting electrical current, which becomes self-confined by the associated magnetic field. Plasma pinches reproduce the scenario of high-energy-density, intense beams of charged and neutral particles, with radiation emission. Thus, they become a suitable laboratory tool for fundamental and applied research on fusion, neutron production, x-ray and high-brightness soft x-ray production and astrophysical phenomena [1, 2] . Usually, plasma pinches require the use of high pulsed voltages (kV to MV) to achieve high currents (kA to MA) in short times (ns to µs) into the plasma. Thus, feedback between dense transient plasma research and pulsed power technology is possible. The achievements of these fields are relevant for several economical and industrial areas: electronics, microlithography, mining, medicine, agriculture, defence and materials, among others.
The Plasma Physics and Plasma Technology Group of the Chilean Nuclear Energy Commission (CCHEN) has, since about ten years ago, used plasma production devices to study dense hot plasmas like Z-pinches and plasma foci (PFs). For PF research, the aim has been to characterize the physics of these plasmas and also to carry out the design and construction of smaller devices-in terms of both input energy and size-capable of providing dense hot plasmas. The saga to push ahead the current status of the field has had several achievements. For instance, PF devices operating at hundreds of joules and tens of joules [2] [3] [4] [5] [6] [7] [8] that produce x-rays and neutrons were made and put into use. Recently, an ultra-miniature device operating with less than 1 J was designed and constructed [9] . This ultra-miniature device still produces radiating dense hot plasmas. The research work and the expertise developed in the group include transient electrical discharges going from 70 kJ to 0.1 J, plasma diagnosis and pulsed power technology.
The aim of the present study related to Z-pinches has been to produce a stable gas-embedded Z-pinch at currents of thermonuclear interest driven by the SPEED2 generator (300 kV, 187 kJ, 4 MA in short circuit; 400 ns time to reach peak current). In addition, simulation to use the SPEED2 generator to drive wire experiments has been developed, and electrodes for that purpose have been constructed.
At this point, it is worth stressing that the pulsed power technology has additional applications that go beyond merely the transient electrical discharges and the production of plasmas. As a matter of fact, this technology is applied to a variety of fields of science and engineering. Thus, taking advantage of the experience in pulsed power technology obtained in the experimental researches in dense transient plasmas, an exploratory line of pulsed power applications is being developed. In this work, developments of pulsed power machines for scaling researches and applications are also presented: nanoflashes of radiation for radiography uses and for detection of substances, high pulsed magnetic field generation and rock fragmentation.
In section 2 of this paper, our achievements in PF research including the scaling studies, miniaturization and development of diagnostics are shown. In section 3, the most important results achieved in our research on Z-pinches at currents of thermonuclear interest are presented. In section 4, exploratory applications of pulsed power are presented including nanoflashes of radiation for the radiography and detection of substances, high pulsed magnetic fields generation and rock fragmentation.
PF
A PF is a kind of pinch discharge in which a high pulsed voltage is applied to a low-pressure gas between A schematic diagram of the circuit and the plasma dynamics is shown. The capacitor C is discharged over the electrode through a spark gap (SG). The plasma dynamics is sketched in a side section of the electrodes; I: discharge starts over the insulator; II and III: the current sheath is accelerated along the coaxial electrodes; and IV: pinch. coaxial cylindrical electrodes, generating a short-duration high-density plasma region in the axis. Two geometries were proposed for these devices differing in their electrode aspect ratios (innerelectrode length divided by inner electrode diameter): the Filipov configuration [9] , with an aspect ratio < 1 (typical values are 0.2) and the Mather configuration [11] , with an aspect ratio > 1 (typically [5] [6] [7] [8] [9] [10] . Also devices with a hybrid aspect ratio (typically 1-2) have been developed [3] [4] [5] [6] [7] [8] 12] . Figure 1 shows a schematic diagram of the equivalent electrical circuit and the discharge evolution in a Mather-type PF. The electrodes are in the vertical position; the anode in the centre is partially covered from its base by a coaxial insulator. The discharge starts over the insulator surface, then the plasma sheath comes off and it is accelerated axially by the magnetic field auto-generated by the current. After the current sheath runs over the upper end of the central electrode, the plasma is compressed to a small region (the focus or pinch). In the majority of the devices, these three stages last a few microseconds, and less than 500 ns in a new generation of fast PFs. The maximum pinch compression should be close to the peak current in order to achieve the best efficiency. Depending on the energy of the pulse power generator, the current in the pinch varies from tens of kA to about MA. The pinch generates beams of ions and electrons, and ultra-short x-ray pulses. The duration of these pulses is of the order of tens to hundreds of nanoseconds. Using deuterium gas, PF devices produce fusion D-D reactions, generating fast-neutron pulses (∼ 2.5 MeV) and protons (leaving behind 3 He and 3 H). One of the features of the PF devices is that there are plasma parameters that remain relatively constant for facilities in a wide range of energy, from 50 J to 1 MJ, electron density ∼10 25 m −3 , temperature in the range 300 eV-1 keV. Another interesting feature is that the velocity of the current sheath is practically the same in every optimized PF (for discharges in Before the pinch Pinch After the pinch Figure 2 . Typical sequence of the plasma dynamics in PF discharges (these correspond to discharges in a PF of only 50 J and were obtained with an ICCD camera gated at 5 ns of exposure time [4] .
deuterium, it is of the order of 1 × 10 5 m s −1 in the axial phase and is of the order of 2.5 × 10 5 m s −1 in the pinch compression in every optimized PF). Those features are related to two parameters that remain practically constant in a wide range of PF devices: these are the 'drive parameter' I o /ap 1/2 [13] and 'energy density' 28E/a 3 [6, 7] , where E is the energy stored in the capacitor bank, I o the peak current, a the anode radius and p the gas filling pressure for the maximum neutron yield. For Mather-type and hybrid-type PF devices operated in the neutron emission optimized regime, the driver parameter has the value of 77 ± 7 kA cm −1 mbar −1/2 [7] . In the last few years, at the CCHEN, on the one hand, a few studies using the SPEED2 generators charging at 70 kJ in PF were performed. On the other hand, experimental studies on PF have been extended to devices operating under 1 kJ, in the range of hundreds and tens of joules [3] [4] [5] [6] [7] [8] . Moreover, a device operating with only 100 mJ was recently designed and constructed at CCHEN [9] .
The results obtained in the PF research programme at CCHEN are summarized in section 2.3.
Installation, design and construction of PF devices
2.1.1. Installation and operation of the SPEED2 device. SPEED2 was transferred from the University of Düsseldorf to CCHEN and it has been in operation since 2001. It is based on Marx technology [23] (SPEED2: 4.1 µF equivalent Marx generator capacity, 300 kV, 187 kJ, 4 MA in short circuit; 400 ns time to reach peak current).
2.1.2.
Construction of the SPEED4 device. SPEED4 has been assembled. Evidence of pinch in the electrical signals has been observed in some shots, however no reproducible operation has been obtained yet. SPEED4 also is based on Marx technology (SPEED4: 1.25 µF equivalent Marx generator capacity, 70 kV, 3 kJ; 350 ns time to reach peak current).
Design and construction of compact and fast devices
with energy lower than 1 kJ. An area of research that is not well explored corresponds to very small low-energy PFs. Feasibility objections have been made to devices with lower energies (less than 1 kJ), for not having energy and time enough to create, move and compress the plasma. We have shown that those objections are not applicable [4] [5] [6] [7] [8] . PF devices of 400, 50 and 0.1 J have been designed and constructed in our laboratory (PF-400J: 880 nF, 20-35 kV, 176-539 J, ∼300 ns time to reach peak current; PF-50J, 160 nF, 20-35 kV, 32-100 J, ∼150 ns time to reach peak current; Nanofocus: 5 nF, 5 nH, 5-10 kV, 60-250 mJ, 16 ns time to reach peak current) [9] . Evidence of pinch has been obtained in these three devices. After our works in PF devices operating under 1 kJ, an increased interest in the research and development of this kind of PF device operating with hundreds of joules or less has arisen in other laboratories [14] .
Design considerations of plasma focus devices.
After our experience in the design and construction of the PF-400J and PF-50J devices, we have observed that the plasma parameters, which are practically constant in PF devices, are correlated with the value of electrical and geometrical parameters of the devices. This is useful for considerations of design. The first criterion applied to design miniaturized PF devices is to keep in the plasma pinch the same energy density as the larger devices. The 'energy density parameter' and the drive parameter are used by us to design PF devices. To design PF devices we start by defining the features of the capacitor bank (capacity, voltage operation and inductance of the whole generator), and then we calculate the dimensions of the anode electrode using the following relations: (i) 28E/a = 77 kA cm −1 mbar −1/2 , and (iii) the time used in the axial phase plus the time for the radial phase must be equal to a quarter of the period of the discharge. Using this procedure, the Nanofocus, a PF device opeating at 0.1 J was designed [9] .
Design and construction of a repetitive PF device.
A repetitive PF device was designed and built (PF repetitive (PFR): 1.2 µF, 30 kV, 160 kA, 400 ns rise time, dI /dt ∼ 4 × 10 11 A s −1 , 3-6 Hz). In addition, the Nanofocus (5 nF, 5 nH, 5-10 kV, 60-250 mJ, 16 ns time to reach peak current) is operating at 20 Hz [9] .
Diagnostics
Several diagnostics have been implemented: voltage and current derivative signals; total neutron yield measurements using silver activation counters and 3 He tubes; plastic scintillator with photomultiplier for detection of x-rays and neutron pulses with temporal resolution; plasma images with temporal resolution from visible light; time integrated and temporal resolution x-ray plasma images with filters; pulsed optical refractive diagnostics, interferometry and Schlieren. Figure 2 shows a typical sequence of the plasma dynamics in plasma focus discharges (these correspond to discharges in a PF of only 50 J and were obtained with an intensified CCD (ICCD) camera gated at 5 ns of exposure time [4] . Figure 3 from two photomultipliers with scintillators are also included. Figure 3 (b) shows the neutron yield versus filling pressure. The detection of neutron pulses of low total yield deserves special mention. Miniaturized PFs require a neutron detection technique capable of detecting pulses with less than 10 5 neutrons per pulse. For neutron yields less than 10 6 neutron per pulse, the well-known techniques (activation counter, bubble counter system, etc) are not effective. A conventional neutron detection technique was adopted to measure low neutron yields from D-D fusion pulses. This method uses a 3 He proportional counter surrounded by a paraffin moderator. Electric signals generated in the 3 He tube are fed into a preamplifier. The output of the preamplifier was directly connected to a digital oscilloscope. The time-integrated signals represent the charge generated in the 3 He tube, which is proportional to the total neutron yield. Integration time is determined by the preamplifier and moderator characteristics within the region of hundreds of microseconds. No meaningful neutron background was detected during this time window. The system, previously calibrated, was used to measure the neutron yield (<10 6 neutrons per pulse) generated in a fast and very small PF device designed to operate with energies of tens of joules. Neutron yields as low as 10 3 neutrons per pulse were measured. For details of the system and calibration, refer to [15] .
Results of the PF research
2.3.1. Neutron yield. Neutron yield versus deuterium filled pressure have been obtained for PF-400J operating at ∼400 J and for PF-50J operating at 50 and 70 J. The maximum measured neutron yield was: (1.06 ± 0.13) × 10 6 neutrons per shot at 9 mbar in the PF-400J [5] , (3.6 ± 1.5) × 10 4 neutrons per shot at 9 mbar in the PF-50J operating at 70 J and (1.3 ± 0.5) × 10 4 neutrons per shot at 6 mbar in the PF-50J operating at 50 J [8] . 2.13 (with E being the energy in the capacitor bank in J).
In the SPEED2 device, the neutron yield versus deuterium filled pressure is currently under characterization. SPEED2 uses a special insulator, quartz covered with alumina, and it requires several shots of preparation in order to obtain a neutron yield with dispersion lower than 30% between shots. Although we have not had enough shots with the same insulator in order to achieve the proper conditions of operation, preliminary results obtained at CCHEN show a neutron yield of the order of 10 10 neutrons per shot; the maximum value obtained up to now at CCHEN is 2 × 10 10 neutrons per shot at 2-3 mbar, 70 kJ, 2.4 MA. In Düsseldorf, a neutron yield of the order of 10 11 -10 12 neutrons per shot was obtained [16] .
The PFR, working at 30 kV with deuterium at a pressure of 9.2 mbar with a repetition rate from 3 to 6 Hz, produces 2.1 ± 0.34 × 10 7 for each burst of 5 s duration, i.e. 15-30 shots per burst.
In addition, evidence of neutron emission has been observed in the ultra-miniature Nanofocus device operating at 0.1 J stored energy and 20 Hz repetition rate. However, the present reproducibility of shots with the same properties in this miniature device is low and several technological subjects have to be first solved in order to produce neutrons for periods greater than minutes.
Angular distribution of neutron emission.
Angular distribution of the neutron emission was obtained in the PF-400J device using CR-39 nuclear track detectors covered with polyethylene located at several positions (between −90
• and +90
• ). The angular measurements were compared with the total neutron yield (integral of the angular measurements). The results are consistent with an angular uniform plateau (isotropic emission) plus a shape peaked in the direction of the axis of the discharge (anisotropic emission). Isotropic components account for 57.5% of the accumulative emission, whereas the anisotropy component accounts for the remaining 42.5%. The anisotropic component appears between +50
• and −50
• approximately [17] .
Energy distribution of the neutrons.
Five scintillation detectors (scintillator + photomultiplier) were located at different distances in radial orientation with the discharge in the PF-400J device; the energy spectrum was obtained [18] , with an average energy and dispersion of (2.5 ± 1) MeV. In the case of PF-50J, only two scintillation detectors were used and the energy of the neutrons was estimated to be 2.7 ± 1.8 MeV [8] .
X-ray emission.
Hard x-ray emission has been studied in PF-400J using a commercial radiographic film (13 × 18 cm 2 ); Curix ST-G2 from AGFA was used together with AGFA suggested developer and fixer for this film. The film is placed inside a plastic light tight cassette, Curix from AGFA, containing intensifying plastic screen sensitive to x-radiation. The cassette with film was placed as close to the object to be imaged as possible to maximize the image quality. The object is placed between the PF device and the cassette. A photomultiplier tube with plastic scintillator is used to monitor the x-ray emission in each shot. This diagnostic is placed perpendicularly to the symmetry axis at the anode top level. Radiographs of an array of filters of different materials of millimetre thickness were obtained with PF-400J.
In order to estimate the average energy of the x-ray emitted by the PF devices, a monoenergetic radiation was assumed. When a monoenergetic radiation interacts with an element, the classical exponential radiation decay relation through the matter is I (x)/I 0 = exp(−K · x), where I (x)/I 0 is the normalized radiation intensity after travelling a distance x inside the material characterized by a linear attenuation coefficient K . From this relation it is possible to obtain an effective linear attenuation coefficient K when different grey shades of the digitalized images are linked to the I (x)/I 0 ratio. This method allows us to obtain a correlation between K and the x-ray energy [19] . Thus, an effective mean energy of 90 ± 5 keV was obtained for PF-400J using the Curix ST-G2 AGFA system as the recording medium.
The same method was used to characterize the x-ray emission from the Nanofocus device operating at 0.1 J. Radiographs of an array of aluminium filters of 30, 45 and 60 µm on HP5 Ilford film were obtained integrating 1200 shots on the film. An effective mean energy of 4.3 ± 0.3 keV was obtained.
Plasma dynamics and electron density.
An ICCD camera gated at 5 ns exposure time, and synchronized with the discharge, has been used in order to obtain side view images of the visible light emitted from the plasma. A sequence of the plasma dynamics was obtained for PF-50J [4] . From the observations, a radial velocity of the order of 10 5 m s
was obtained (near the axis it was measured to be ∼2 × 10 5 m s −1 ). The pinch radius observed was of the order of 0.12a, with a being the anode radius. This diagnostic was also used to characterize the plasma motion in the Nanofocus device. The dynamics observed from the photographs in this ultra-miniaturized device operating at only 0.1 J is consistent with the dynamics observed in devices operating at energies several orders of magnitude higher: (i) formation of a plasma sheath close to the insulator surface, (ii) the plasma covering the anode, (iii) radial compression over the anode, and (iv) finally, the plasma is detached from the anode in the axial direction [9] .
In addition, an optical refractive system was implemented in order to measure the electron density and the dimensions of pinch column. A Mach-Zehnder interferometer using a pulsed Nd-YAG laser was implemented (600 mJ, 532 nm, 8 ns). The diagnostics was applied to PF-400J; a maximum electron density of (8.4 ± 1.3) × 1024 m −3 was measured on the axis. The pinch radius observed with this method in PF-400J was also of the order of 0.12a. Table 1 summarized the main characteristics of the PF devices at the CCHEN.
Discussions and conclusions
Several physical magnitudes are practically invariable in PF devices operating with energies from 1 kJ to 1 MJ. From our researches, we have observed that several of these magnitudes are kept in the devices operating at hundreds of joules and tens of joules. One of them is the ion density (of the order of on the axis, the same order of magnitude. It is reasonable to expect a similar value of ion density in PF-50J. In fact, to estimate the maximum ion density in the pinch, n e max , in PF devices, we consider the sweep gas onto the anode from the filling gas density, n 0 , compressed to the pinch radius, r p , thus n e max = n 0 (r p /a) 2 . Considering that a = 0.12r p , and total ionization in the radial phase, a maximum pinch ion density of the order of n e max = 70n 0 could be obtained. From calculations based on the model developed by Lee [20] , a factor of ionization in the radial phase with a value of ∼0.3 fits the experimental results of several devices of different energies. Thus, it is reasonable to expect an average pinch ion density of the order of n e ∼ 21n 0 in any PF device. Thus, in the PF-50J operating at 6-9 mbar the ion density would be of the order of 6.8 × 10 24 m −3 to 1 × 10 25 m −3 . Likely, plasma compression with an average radial velocity of about 10 5 m s −1 (near the axis ∼2 × 10 5 m s −1 ) was measured in PF-50J [4] . This value is similar to the compression velocity in higher energy devices.
Another relevant invariant parameter in PFs, related to neutron production, is the so-called drive parameter (I o /ap 1/2 ) [13] , where I o is the peak current, a is the anode radius and p is the gas filling pressure for the maximum neutron yield. For neutron-producing devices operating over the range 3 kJ-1 MJ, the drive parameter is practically the same, I o /ap 1/2 = 77 ± 7 kA cm −1 mbar −1/2 [7] . The drive parameter for the PF-400J and PF-50J were calculated as 70 and 68 kA cm −1 mbar −1/2 , respectively. A theoretical explanation of the observed constant parameters in PF devices based on a similar approach is being explored at CCHEN.
As was mentioned in the introduction of section 2, it is customary to use the parameter E/V p (E being the initial energy stored in the capacitor bank) to compare the plasma energy density between devices. Of course, this number should only be used for comparison, since only a fraction of the initial energy is transferred to the plasma. For devices operating from 1 kJ to 1 MJ, the value is in the range (1-10) × 10 10 J m −3 . For PF-400J and PF-50J, this value is 5 × 10 10 J m −3 . Furthermore, it is worth noting that the energy density parameter E/V p , the ion density n, and consequently the energy per ion, are proportional to E/(V p n), in the devices operating at hundreds and tens of joules, are similar to the corresponding numbers in devices operating between kJ and MJ.
The pinch temperature in PFs is a controversial subject. However, it is possible to assume that every PF that works properly has practically the same temperature. In fact, one of the heating mechanisms is by means of the radial shock wave compression, and the plasma temperature is proportional to the square value of the compression velocity. The axial and radial velocities of the plasma in devices operating from kJ to MJ have values of the order of 1 and 2 × 10 5 m s −1 , respectively, the same values for PF-50J. In addition, the axial and radial velocities of the plasma sheath in a plasma focus are proportional to the drive parameter, and the plasma temperature is proportional to the square of the drive parameter [21, 22] . Thus, as the drive parameter is practically the same for devices operating from kJ to MJ, and the same for PF-400J and PF-50J, it is possible to assume that the temperature has a value of the same order in every PF that works properly. Moreover, the plasma energy density parameter E/V p and the ion density n are of the same order in every device operating from kJ to MJ, the same for PF-400J and PF-50J [20] . This energy per ion, E/(V p n), is also of the same order for devices operating from tens of joules to MJ. Therefore, as the energy per ion is practically the same, the temperature should be practically the same for devices operating from tens of joules to MJ. In [21] , the temperature was measured in a PF of about kJ by means of spectroscopy techniques in ∼0.6-1 keV. Then, it is possible to assume that the temperature in any PF operating properly, PF400J and PF-50J included, has a value of that order.
It is interesting to note that even though several plasma parameters in PF devices remain practically constant, the number of ions per unit length, N , in the pinch varies with the size of the device. In fact, N is proportional to a 2 . Thus, the stability regime in which a PF operates will depend on the size of the device. Empirical and theoretical relationships based on the model developed by Lee [20] and the scaling laws observed in PF devices were considered to determine the regime of operation, where the large Larmor radius (LLR) effects [28] would play a significant role in the reduction of the growth rate of the m = 0 mode in the pinch column. This regime results in a range of values for the current of the pinch, the energy of the generator, the anode radius and an average filling pressure. It is found that the PFs in which enhanced stability could be observed, owing to LLR effects, are restricted to devices operating in a range of storage energies that goes from a few hundreds of joules to a few kilojoules [34] .
The drive parameter and plasma density parameter were used as design tools to extend the studies on PF devices up to four orders of magnitude under the conventional small devices that operate with a few kilojoules. A PF operating with energies of the order of ∼0.1-0.2 J was designed and constructed, namely Nanofocus [9] . Results obtained using an anode radius of 0.8 mm showed pinch evidence; however, the values of the plasma energy density parameter and drive parameter turned out to be lower in comparison with the values observed in devices operating over the range 50 J-1 MJ. To increase the plasma energy density parameter and drive parameter, experiments with an anode with a radius of only a = 0.21 mm were performed. Pinch evidence has also been observed under these conditions in discharges of hydrogen and in preliminary discharges of deuterium. The energy density parameter has a value of the order of E/V p ∼ 3 × 10 11 J m −3 , i.e. one order of magnitude greater than the value observed in devices operating over the range 50 J-1 MJ. The value of the drive parameter is I 0 /( p 1/2 a) ∼ 126 kA mbar −1/2 cm, which is greater than the value observed in devices operating over the range 50 J-1 MJ. There are theoretical conjectures that suggest that the thermonuclear component of the neutron emission can be increased drastically when the drive parameter is increased [7, 13] . Future works in the Nanofocus include studying the x-ray emission using mixtures of gases. Currently, the neutron emission from the Nanofocus is being studied in discharges in deuterium using a system for measurement of low yield neutron pulses from D-D fusion reactions based on 3 He proportional counter in current mode [15] . Neutron yield of the order of 10 3 neutrons per shot is expected in 10 kA discharges. Improvements in the device are being developed in order to operate it at a repetitive rate of ∼100 Hz.
Z-pinch experiments driven by the SPEED2 generator
Z-pinch experiments relevant to fusion studies require generators capable of achieving currents up to about MA in 100 ns. At present, studies on wire arrays are being carried out in various laboratories (e.g. Sandia, USA; Triniti-Kurchatov, Russian Federation; Imperial College, UK). The soft x-rays emitted from metallic plasmas produced in wire arrays are studied in order to be used as an illumination source for inertial confinement experiments. In Sandia, in the Z-machine, discharges over ∼200 wires of ∼10-20 µm diameter are produced with 20 MA. A current of the order of 100 kA per wire is established.
SPEED2 is a generator based on Marx technology [23] (4.1 µF equivalent Marx generator capacity, 300 kV, 4 MA in short circuit, 187 kJ, 400 ns rise time, dI /dt ∼ 10 13 A s −1 ). Currently, the device is being operated at CCHEN at 70 kJ stored energy, producing a peak current of 2.4 MA in short circuit. Thus, the generator is suitable for producing wire array discharges over ∼20 wires. Then, on the one hand, in order to produce a metallic pinch plasma radiating soft x-ray for studies relevant to inertial confinement, a zero-dimensional (0D) model was used to design wire arrays suitable to be driven by SPEED2. On the other hand, studies on Z-pinch stability are being carried out in gas embedded Z-pinch at mA current driven by the SPEED2 generators.
Wire arrays
In order to calculate the number and the diameter of wires, and the initial radius of an array, a simple 0D model for the dynamic of a liner was used, considering the electrical features of the SPEED2 generator. A maximum compression is expected close to the maximum current, that is achieved at ∼400 ns. Using the results of the 0D model, electrodes for arrays of 28 mm diameter were constructed to be used with 18 tungsten wires of 18 µm. In figure 4 , the predicted radial plasma dynamics is plotted. The following diagnostics have been implemented and will be applied, in the near future, to the wire array discharge: current derivative and voltage signals, pin diodes, time integrated x-ray pinhole camera and time resolution four-frame MCP pinhole camera.
Gas-embedded Z-pinch
Experiments in gas-embedded Z-pinches were carried out in Chile some years ago [24] [25] [26] [27] , driven by a small pulse power generator, namely a Marx bank (400 kV) coupled to a water transmission line (1.5 , 300 kV, 120 ns double transit time). The current rate was approximately 2 × 10 12 A s −1 and the peak current achieved was 150-180 kA. The discharges were performed in H 2 and He at 1/3 atmospheres and several preionization schemes were studied [24] [25] [26] [27] . In particular, the most interesting results were obtained in a double column pinch. This configuration uses a preionization scheme based on a combination of an annular micro-discharge followed by a laser pulse. This scheme produces a double column pinch at the early stage that coalesces into a single plasma column at 60 ns, showing again a period of enhanced stability with no MHD instabilities developing during the current rising (150 ns) and achieves 180 kA. The aim of this research is to study a double column pinch at currents of thermonuclear interest, i.e. greater than 1 MA. The SPEED2 generator is being used with this purpose.
The SPEED2 was originally designed as a device with an impedance of the order of the pinch impedance for PF discharges (∼100 m ) [23] . The impedance of the device does not allow driving a narrow pinch, like a fibre pinch or a conventional gas-embedded Z-pinch. At early times, the voltage on the load could be increased by a factor of two, destroying the central collector of the SPEED2 generator. Therefore, a study using a 0D model was applied to find the initial conditions to produce gas-embedded Z-pinch suitable to be driven safely by the SPEED2 generator. In addition, only the solutions that could result in a Z-pinch with enhanced stability were selected. In fact, it has been theoretically conjectured that there is a threshold for the stabilization due to resistive effects, corresponding to the Lundquist number S ∼ 100 (S = 3.87 × 10 23 I 4 r p N −2 , for a pinch in deuterium, where I is the current r p is the pinch radius an N is the number of ions per unit pinch length) [28] . Experimentally, it has been observed that for Z-pinch discharges with a substantially lower value of S, no instabilities appear. From the values of S, obtained at the early stage in discharges studied experimentally [24] [25] [26] [27] , it is apparent that they are resistive at early stages. In addition, for the particular case of a double column pinch, which presents enhanced stability, the value observed for the ratio of Larmor radius a i , over pinch radius r p was a i /r p ∼ 0.1-0.2 at later stages (a i /r p = 8.08 × 10 8 N −1/2 for a pinch in deuterium [25] [26] [27] ). This is consistent with theoretical studies which indicate that the region of minimum instability for pinch discharges is in the neighbourhood of a i /r p ∼ 0.2 [29, 30] .
Based on experimental observations in a double column pinch, it would appear that the pinch could be kept stable if it crosses over the S ∼ 100 boundary with a value around a i /r p around 0.1-0.2, i.e. for values of the line density N of the order of 6.5 × 10 19 m −1 to 1.6 × 10 19 m −1 . A set of results obtained with the 0D model that fit the conditions explained above showed the following range for the initial conditions: charging voltage +/ − 30 kV, initial radius a 0 = 2-5 mm, filling pressure p = 33 mbar of deuterium, and plasma length h = 10-20 mm. Then, the electrodes from the PF configuration of SPEED2 were modified in order to produce a double column linear Z-pinch when assisted by a pulsed laser. Figure 5(a) shows the electrode configuration to produce a double column pinch. The laser produces a secondary mechanism of ionization in order to produce a double column pinch. Without laser, a hollow Z-pinch is expected. The diagnostics used are: current derivative and voltage signals, neutron detections using silver activation counters, and 3 He detectors; scintillators with photomultiplier; and interferograms using a pulse Nd-YAG laser (8 ns full width at half maximum (FWHM) at 532 nm). Figure 5(b) shows the layout of experiments and diagnostics.
Discharges through the conical electrodes described in figure 5 (a) were performed with a pulsed laser focused onto the cathode and without a laser. In both cases no damages in the SPEED2 generator were observed. Preliminary diagnostics of discharges without the laser pulse for secondary preionization were performed. Figure 6(a) shows the voltage, discharge current and the current derivative signals corresponding to a discharge performed in D 2 filling gas, at 33 mbar, with 36 storage Marx modules charged at 30 kV each, using the electrode geometry combined without the laser (secondary) ionization mechanism. The distance between electrodes was 20 mm. Figure 6 (b) shows a sequence of two interferograms for such a kind of discharge. A hollow Z-pinch discharge is produced. The last interferogram is 95 ns before the peak current.
The interferograms in figure 6 (b) show a hollow Z-pinch discharge at early times that produces ionization to the axis of the column while the current is increasing. Figure 7 shows density profiles obtained from the interferograms.
From the interferogram at 230 ns, the number of electrons per unit length N e , is measured to be N e ∼ 2 × 10 19 m −1 , and for 305 ns, it is measured to be N e ∼ 4 × 10 19 m −1 . At 305 ns, the mean value for the electron density n e is n e ∼ 4 × 10 23 m −3 between the electrodes, and at 4 mm from the cathode the maximum density on the pinch axis is of the order of n e ∼ 1 × 10 24 m −3 . The density in the singularity at 1-2 mm from the cathode can be estimated to be of the order of n e ∼ 4 × 10 24 m −3 . The density corresponding to the filling pressure (33 mbar) is n 0 = 1.7 × 10 24 m −3 . Thus, from these rough estimations, it is possible to suggest that the plasma has been compressed near the cathode.
For these experiments, the scintillators with photomultiplier and the silver activation counters did not detect signals. However, the 3 He detector recorded signals in several discharges that correspond to a pulse of a 5 × 10 5 neutrons per shot.
Discussion and conclusions
In summary, on the one hand, electrodes and diagnostics for studies in wire arrays using the SPEED2 generator were constructed and implemented. Experiments will be carried out in the near future. On the other hand, the initial conditions to produce a gas-embedded Z-pinch suitable to be driven by SPEED2 and with enhanced stability by means of resistive effects and by finite Larmor radius effects were obtained using a 0D model. Thus, electrodes were constructed in order to obtain a double column Z-pinch and hollow discharge. Thus, experiments in a gas-embedded Z-pinch using D 2 as the filling gas at 33 mbar were performed using the SPEED2 generator. Preliminary results obtained using a hollow discharge at early times were presented. The electrodes configuration scheme used shows feasibilities and security in order to use the SPEED2 generator in a configuration different from a plasma focus that corresponds to the original design. In this new electrode configuration, the SPEED2 generator delivers ∼2.4 MA of maximum current and produces a voltage, in the central collector, of ∼80 kV. An apparently stable plasma column was obtained and neutrons were detected. The line density measured, (2-4) × 10 19 m −1 , corresponds to that expected from the 0D model and is consistent with the finite Larmor radius stability effects. These preliminary results are interesting enough to motive further experiments. There are both theoretical and experimental evidence indicating is composite coaxial pinches (plasma on wire, plasma focus plus gas puffed, sheared flow on Z-pinch, and double column gas-embedded Z-pinch) are more stable than single column pinches. In the near future, experiments including the double column preionization scheme, combining the electrode configuration with a pulse laser onto the cathode, will be carried out. In addition, a complementary diagnostics to measure the total current through the plasma should be developed.
Pulsed power applications
Pulsed power technologies essentially refer to power sources providing a huge amount of energy during very short times. These technologies have applications in various fields of science and engineering: production of transient electrical discharges and plasmas, generation of radiation and ions beams, high-density matter, production of pulsed high magnetic fields and shock waves. The achievements in these fields impact on various economic and industrial areas: electronics, microlithography, mining, medicine, agriculture, defence and materials, among others. Taking advantage of the experience in pulsed power technology obtained in the experimental researches in dense transient plasmas, an exploratory line of pulsed power applications is being developed.
Portable nanoflashes of radiation
Small devices are not only interesting for pure plasma research but are also especially suitable for field applications. More remarkable is that it constitutes a safe radiation on-off source. The PF is especially suited for pulsed neutron applications with a reduced danger of contamination compared with conventional isotopic radioactive sources. A passive radioactive source of neutrons with similar energy (∼2.5 MeV; for instance 252 Cf or Am/Be) emits continuously, causing inconvenience in handling and storing. In turn, PF sources would not have such activation problems.
The pulses radiation (neutrons and x-rays) has a duration of a few nanoseconds; in particular, x-rays have a wavelength of nanometres or less; thus it is reasonable to call them 'nanoflashes'.
On the one hand, the intense x-ray pulses produced by bremsstrahlung radiation from localized electron beams and from hot spots are excellent candidates for radiography of moving or wet objects and for microelectronic lithography. Figure 8 shows a radiograph of an object obtained with the x-rays emitted from the PF-400J device. The average effective energy of the x-rays is ∼90 keV.
For lithography applications, the Nanofocus could be advantageous because the source size for bremsstrahlung radiation from electrons impacting on the anode scales with the anode radius. In other laboratories, PF devices are being studied for applications in microlithography by working at energies of kJ and tens of joules. One of the present challenges for microlithography is to increase the spatial resolution. Two features determine the spatial resolution: the radiation wavelength λ and the source size. One or both of these should be decreased in order to increase the spatial resolution. The wavelength depends mainly on the gases used in the discharge (soft x-rays from inside the plasma column by thermal bremsstrahlung and line radiation, λ ∼ 10-1 nm) and on the anode material (hard x-ray from beam-target bremsstrahlung, electron beams colliding with the anode, λ ∼ 1-0.01 nm). As far as it is known, PF devices operating at low energy, with an energy density in the plasma of the same order as larger devices, practically produce radiation with the same wavelengths as bigger devices. At this point, smaller devices do not appear to be advantageous. Regarding the source size, smaller devices have better performance for applications in microlithography. In fact, the soft x-ray sources are inside the plasma pinch column and correspond to hot or bright spots living for short times (nanoseconds or less). It has been shown that the size of the plasma pinch column scales linearly with the anode radius a, as the pinch radius is ∼0.12a, and the pinch length is ∼0.8a. Therefore, in the worst case, the maximum size of a hot spot will not be greater than 0.24a. Similarly, the source size of hard x-rays will not be greater than 2a. According to our results, a 3 scales in proportion to the storage energy of the device, E. The anode radius of a kJ device is of the order of 1 cm. Then, the maximum soft x-ray source size cannot exceed the pinch diameter: ∼2 mm. For a device of 1 J the anode is of the order of 1 mm and the Figure 9 . Spot on the anode of the Nanofocus device after about 1000 discharges. The spot is probably due to the erosion produced by the electron beams impinging on the anode and by the interactions of the plasma pinch. The diameter of the anode is 1.6 mm and the size of the spot is of the order of 200 µm.
maximum soft x-ray size source could not exceed the pinch diameter: ∼0.2 mm. Moreover, according to the observations in devices operating with energies from kJ to MJ, the bright spots have typical dimensions lower than 0.1 times the pinch diameter, i.e. 0.02a. According to the above discussion, the characterization of the emitted x-rays and source size in the ultraminiaturized pinch focus discharge (Nanofocus, 0.1 J per shot) operating in the repetitive regime will be carried out as part of this project. The anode radius is of the order of hundreds of microns. Figure 9 shows the spot on the anode of the Nanofocus device after about 1000 discharges. The spot is probably due to the erosion produced by the electron beams impinging on the anode and by the interactions of the plasma pinch. The diameter of the anode is 1.6 mm and the size of the spot is of the order of 200 µm.
On the other hand, the emitted neutrons could be applied to perform radiographs and substance analysis and detection, taking advantage of the penetration and activation properties of neutral radiation. In particular, a possible application is substance detection by means of neutron backscattering using a PF device in repetitive mode. For example, a repetitive neutron pulsed generator (Hz to kHz) based on a very-low-energy plasma focus as the PF-50J developed at CCHEN can lead to a breakthrough in engineering applications, such as soil humidity measurements, medical neutron therapies, substance detection (explosives, drugs, minerals, etc) and others. This feature is greatly facilitated by the lower energy required to produce neutrons. In fact, according to the available commercial information, fluxes of 10 6 -10 8 neutrons s −1 are adequate for prompt gamma neutron analysis [32] , and for detection of substances by means of neutron backscattering, 10 4 -10 5 neutrons s −1 are required [31] . A PF-50J operating at 1 kHz and 1 Hz, respectively, could be adopted for that kind of application. For field applications, a portable device based on the Nanofocus progress is being developed. In fact, evidence of neutron emission has been observed in the miniaturized Nanofocus device, operating at 0.1 J of stored energy and 20 Hz of repetition rate. However, the reproducibility of this very small device is low and several technological subjects have to be first solved in order to produce neutrons for periods greater than minutes. Further studies on the Nanofocus will be carried out. In addition, a device with a stored energy between the boundaries of 50 and 0.1 J is being explored. A compact, low-weight, portable PF device for field applications is being designed in detail. A device to be operated at a few kilovolts (10 kV or less) with a stored energy of 2 J and a repetition rate of 10 Hz without cooling is being projected.
Electrode erosion.
It is important to note that, in the PFR device, the erosion of the electrodes must be considered. This situation is being studied theoretically. A two-dimensional (2D) implicit finite element model has been implemented to solve Fourier's second law of heat conduction in time and space. It considers a cylindrical geometry, so the 3D domain of a real PF electrode can be considered only using the radial and axial coordinates. The plasma sheath that impinges on the surface of the electrode is considered as a moving heat source of given power density. The power density is modelled by a correlation obtained somewhere else, and it becomes a function of the capacitor bank energy. The speed of the heat source moves along the z-axis in the upper direction and it is obtained by empirical observation of the motion of the plasma sheath. The model then gives as a result the thermal field in space and time during the plasma-electrode interaction time as well as during the cooling time until the next pulse takes place. After a certain train of pulses has taken place, one can then estimate the final temperature and compare it with the melting temperature of the material the electrode is made up of. Higher temperatures than the melting temperature will mean the electrode has undergone melting and possible material ejection. The results of these calculations will be compared with experiments.
High pulsed magnetic field generation
The last generation of powerful permanent magnet materials contain rare-earth elements such as neodymium (Nd) and samarium (Sm), and transition metals like iron (Fe) and cobalt (Co). The new properties are so remarkable that the rare-earth permanent magnets are also called 'supermagnets'. The capacitor bank is composed of five 88 µF × 1200 V capacitors (i.e. a total capacity of 440 µF). An additional 88 µF × 1200 V capacitor was acquired as supply element. To magnetize specimens of these materials, higher magnetic field strengths (of about 10 T) are required. The behaviour of a serial-RCL circuit used in magnetizers is well known. However, detailed design dimensionless relations have been obtained from this work. A final total electric resistance of about 152.5 m is expected. Then, a 0.69 ms width current pulse with a peak near (1540 ± 60) A is also expected, when the capacitor bank is charged at (950 ± 35) V. This should correspond to a 10 T applied magnetic field strength at the centre of the specimen. These values will be tested when the magnetizer is completely built.
Rock fragmentation
The copper mining industry in Chile plays the most important role in the economy. In the near future, international regulations will be demanding clean technologies to participate in the international market. Rock fragmentation by plasma blasting is one possibility to satisfy this demand by replacing traditional, environmentally degrading explosives. The feasibility of a research line in this subject was successfully tested at CCHEN. From the information available, the energy and power in the electrical pulse power generator was determined and then used to produce fragmentation of a known volume of rock. Preliminary experiments were performed by using a pulse power generator of 200 J and hundreds of MW power. Fragmentation of stones of the order of cubic centimetres was obtained.
Complementary to the experimental work, studies on material features are being developed. A new method for dealing with the mechanics of heterogeneous materials subjected to high stresses was introduced in the recent past by Lagos [33] . The method was applied in order to obtain the general properties of the deformation experienced by a polycrystalline solid when stressed beyond the elastic limits. The results of the theoretical treatment allow predicting, from the macroscopic mechanical properties of the material, whether the material will display a ductile, brittle or superplastic behaviour. Briefly, the action of the stress tensor on the random granular medium is analysed in detail, and it is shown that the trace of the resulting strain rate tensor, giving the time-dependent deformation, does not vanish in general. Then, deformation does not conserve density, and the grains are increasingly compressed as the sample is being stretched. The consequent internal pressure helps deformation and, under some precise physical circumstances, the sample becomes mechanically unstable and collapses. According to the material constants, the effect can explain extreme brittleness or large ductility. At present, the activity is to apply the same scheme to rocks, which are another class of highly heterogeneous solids. Additionally, rock inhomogeneities are often very irregular through the bulk and surfaces of the material. The objective is to determine the structural conditions for a rock to be brittle and practical ways to identify eventual weak zones in rocks, in order to break them with minimal energy. At this time, work is being done in theory, in order to determine what to search in actual rocks. However, experimental work in rock fracturation should be a complement to this work.
Small multipurpose bank
A multipurpose bank of less than 1 kJ (1.2 µF, 33 nH, dI /dt ∼ 5.75 × 10 11 A s −1 , 180 kA) was designed and constructed [35] . This equipment will be used for the scaled experimental study of rock fragmentation and for Z-pinch experiments. Experiments on X-pinches are being planned. Electrodes identical to the ones used in the SPEED2 gas-embedded Z-pinch experiments will be used in the small multipurpose bank in order to study in detail the initial conditions and the early times of the discharges as a complement of the studies in the SPEED2.
Final comments
An overview of the advances in the PF and Z-pinch research and development at the CCHEN has been presented in this paper. Also applications of pulsed power that are being developed using the network of the Center for Research and Applications of Plasma Physics and Pulsed Power, P 4 , have been presented.
The most relevant results obtained in plasma focus research were presented in section 2 with an emphasis on the development of miniaturized PF devices operating at very low energy (hundreds and tens of joules and inclusive less than one joule). The region of energy of hundreds of joules was practically unexplored and the region under 100 J was unexplored before us. An integrated discussion putting emphasis on the common features of the PF experiments and devices more than on their differences was presented. According to our research and analysis, we conclude that any PF that operates properly, independently of its size and energy, has the same energy per particle in the pinch; therefore, the same kinds of atomic and nuclear phenomena and reactions are expected.
Using the drive parameter and the energy density parameter, like design tools, a PF operating at only 0.1 J was designed and constructed (section 4). At what energy are these scaling rules not valid? When do the plasma surface effects start to be relevant? Could these effects be favourable in order to increase the plasma energy density for much smaller devices improving the generation of fusion reactions and radiation?
For linear Z-pinch experiments related to fusion research, the mega ampere generator SPEED2 is being used. 0D simulations for gas-embedded Z-pinch and wire arrays were developed to produce and design experiments. An apparently stable pinch was obtained in a gas-embedded Z-pinch operating in deuterium, and neutrons were detected. The production mechanism of those neutrons should be clarified (thermonuclear versus beam-target). Studies of different initial conditions will be performed using a small multipurpose capacitor bank as a complement to the experiments in SPEED2. The experiments on wire arrays are planned to start in the near future.
The results obtained in PF have motivated a technological platform for engineering small portable repetitive PFs, in order to develop a portable repetitive source of radiation 'nanoflashes'. Several technological subjects must be considered and solved: electrode erosion, cooling system, insulator performance and sealed chamber, among others. Advances in the development of a portable repetitive PF of few joules were presented in section 4. In complement, taking advantage of the experience in pulsed power technology obtained in the experimental researches in PF and Z-pinches, an exploratory line of pulsed power applications is being developed. Advances in the applications in generation of pulsed magnetic fields, and rock fragmentation were presented in section 4. Other potential applications of this kind of intense pulse of radiation emitted by pinch discharges will be explored in the future, for example the study of their effects on cells and applications to food industry; interdisciplinary work with biologists and other professionals is required. experiments, diagnostics and analysis; J Moreno and P Silva: experiments and diagnostics, M Zambra: experiments and analysis; L Altamirano: diagnostics and instrumentation; M Cárdenas: PF theoretical models; J Ramos: erosion models on PF electrodes; M Lagos and C Retamal: theoretical models on fracture of materials; J L Giordano: pulsed magnetizer; A Tarifeño: multipurpose capacitor bank; L Huerta: outreach; C Tenreiro and R Escobar: collaborators.
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